There has been an increasing interest in semiconductor nanostructures after the initial work of Canham on visible luminescence from porous silicon, 1 because of their lightemission ability with high efficiency for potential applications in silicon-based optoelectronic devices. However, the practical application in optoelectronic devices of porous silicon is limited by its instability in light emission, 2 structural fragility, and incompatibility with conventional integrated circuit technology. 3 Therefore, silicon nanocrystals ͑nc-Si͒ are considered to be the preferable strategy for overcoming these challenges. Among the different techniques used to synthesize nc-Si, ion implantation of silicon into a dielectric matrix, preferably SiO 2 films, followed by hightemperature annealing, is deemed one of the most promising candidates for producing electrically and chemically stable silicon nanocrystals. This technique offers the advantage of being fully compatible with the complimentary metal-oxidesemiconductor ͑CMOS͒ process. In spite of the fact that efficient photoluminescence ͑PL͒ ͑Refs. 3-5͒ and electroluminescence ͑EL͒ ͑Refs. 6-8͒ in Si nanocrystals embedded in a SiO 2 matrix have been demonstrated, it remains necessary to accurately determine the dielectric functions of embedded nc-Si in order to perform reliable device modeling.
Many investigations on the optical properties of nc-Si have been carried out by luminescence studies [3] [4] [5] [6] [7] [8] and theoretical calculations. [9] [10] [11] [12] [13] However, very few studies focused on the optical properties of nc-Si embedded in SiO 2 being prepared with Si ion implantation under different annealing conditions. In this work, we present a comprehensive optical study on nc-Si embedded in a SiO 2 matrix with spectroscopic ellipsometry ͑SE͒ in the photon-energy range of 1.1-5 eV. A multilayer optical model that takes into account the distribution of implanted Si ions is designed to analyze the SE response ͓i.e., tan͑͒ and cos͑⌬͒ where and ⌬ are the ellipsometric angles͔. The Maxwell-Garnett effectivemedium approximation ͑EMA͒ combined with the four-term Forouhi-Bloomer ͑FB͒ ͑Ref. 14͒ model has been used to determine the dielectric functions of nc-Si embedded in the SiO 2 matrix synthesized with different annealing times. A large optical band-gap expansion and a strong dielectric suppression for nc-Si have been observed from the analysis based on the FB model. The effects of postimplantation thermal annealing on both the band gap and the dielectric functions of the nc-Si have been investigated. 550-nm-thick SiO 2 thin films were grown on p-type silicon substrates with ͑100͒ orientation by thermal oxidation in dry oxygen at 950°C. A dose of 1 ϫ 17 atoms/ cm 2 Si ions were then implanted into SiO 2 films at the energy of 100 keV. Postimplantation thermal annealing was carried out in nitrogen ambient at various temperatures for different annealing times. For simplicity, only the results of annealing at 1000°C for various annealing durations ranging from 0 to 100 min ͑0, 20, 30, 40, 60, 80, and 100 min͒ are presented here. The average size of nc-Si was determined from the broadening of the Bragg peak in x-ray diffraction ͑XRD͒ measurements. 15 The nc-Si size obtained was from ϳ3.3 nm for the as-implanted sample to ϳ4.5 nm for the samples annealed at 1000°C for different durations. The nc-Si sizes for various annealing durations obtained from the XRD measurements are shown in Table I . A very small increase in the nc-Si size with annealing is observed. This slow evolution in the size is due to the very low diffusion coefficient of Si in the SiO 2 film, being consistent with the results reported in Ref. 16 . The SE measurements were carried out in the wavelength range of 250 and 1100 nm with a step of 5 nm, and the incidence angle was set to 75°.
The profile of excess Si in the SiO 2 thin films was measured with secondary-ion mass spectroscopy ͑SIMS͒. The implanted Si distributes from the surface to the depth of ϳ250 nm, and the subsequent annealing does not change the profile significantly because of the extremely low diffusion coefficient of Si in SiO 2 films. There is almost no nc-Si beyond the depth of 250 nm in the SiO 2 film. In order to extract the dielectric functions of nc-Si embedded in SiO 2 , the multilayer optical model shown in Fig. 1 was used to analyze the SE data. As can be seen in Fig. 1 , the layer containing nc-Si, whose thickness d 1 is 250 nm, is divided into 25 sublayers with equal thickness d 0 = 10 nm. Each sublayer can be optically schematized as an effective medium represented by the Maxwell-Garnett EMA. The MaxwellGarnett EMA is characterized by the volume fraction of nc-Si which can be obtained from the SIMS measurement, the known dielectric functions of SiO 2 , and the nc-Si dielectric functions that are to be determined. Therefore, the Maxwell-Garnett EMA is used to extract the nc-Si dielectric functions from the SE spectral fitting. For the spectral fitting an optical dispersion model for the nc-Si is required. We have found that the four-term FB model 14 is the suitable one that can yield a successful fitting. As such, the MaxwellGarnett EMA based on the four-term FB model is used in the SE spectral fitting. In the spectral fitting, the optimization is carried out by freely varying the 14 parameters, 14 which include the parameters A i , B i , C i ͑i =1, 2, 3, and 4͒ for the four terms, the refractive index n͑ϱ͒ when photon energy E → ϱ, and the band gap E g to minimize the mean-square error ͑MSE͒ ͑Ref. 17͒. As a typical example, the spectral fitting of the sample annealed for 30 min, which has a MSE of 0.012, is shown in Fig. 2 . A very small MSE ͑0.007-0.019͒ is also obtained for other samples. The excellent spectral fittings of all samples indicate that the four-term FB dispersion relation can accurately describe the spectral dependence of the nc -Si dielectric functions.
The nc-Si band gap ͑E g ͒ obtained from the spectral fittings for various annealing durations is given in Table I . The nc-Si shows a large expansion in the band gap as compared to the bulk crystalline silicon, i.e., a band-gap expansion of ϳ0.6 eV is observed. The nc-Si band gap obtained in this work is in very good agreement with the first-principles calculation of the optical gap of silicon nanocrystals based on quantum confinement.
11 A fit to the calculation shown in Fig.  3 
of Ref. 11 yields
where D is the nanocrystal size in nm, E g ͑D͒ is the band gap in eV of the nanocrystal, E g0 = 1.12 eV is the band gap of bulk crystalline Si, C = 3.9, and n = 1.22. For comparison, the band gap of nc-Si calculated with Eq. ͑1͒ is presented in Table I . The very good agreement shown in Table I strongly suggests that the band-gap expansion is a result of quantum size effect. As examples, the dielectric functions of nc-Si obtained after 0 ͑nonannealing͒, 30, and 80 min of annealing are shown in Fig. 3 . The dielectric functions of bulk crystalline silicon are also included in the figure for comparison. Obviously, the nc-Si exhibits a significant reduction in the dielectric functions with respect to bulk crystalline silicon. It is observed that the dielectric-function spectra of the nc-Si of different annealing durations, except the nonannealing sample, are very similar. This is not surprising, and it can be explained in terms of quantum size effect on the dielectric functions. 9, 15 As shown in Table I , except for the nonannealing sample which shows a nc-Si size of ϳ3.3 nm, all other samples with different annealing durations have almost the same nc-Si size ͑ϳ4.5 nm͒. In general, the dielectric functions of bulk crystalline silicon show main peaks at the transition energies E 1 ͑ϳ3.4 eV͒ and E 2 ͑ϳ4.3 eV͒ as its critical points. As for the case of nc-Si formed after hightemperature annealing, the dielectric functions show a slight blueshift in the main transition energy E 1 ͑ϳ3.6 eV͒ position, and a slight redshift in the E 2 ͑ϳ4.0 eV͒ position. However, in the case of the as-implanted ͑i.e., nonannealing͒ sample, the dielectric functions of nc-Si show only a single peak in the experimental photon-energy range, possibly because of larger broadenings of E 1 and E 2 band gaps due to a large change of surface area to volume ratio when the size of nc-Si is close to 3 nm.
On the other hand, the static dielectric constant ͑ static exp ͒ of nc-Si is obtained by setting the photon energy to zero in the FB model, and the result is given in Table I . Thanks to the extensive studies on the nanostructured silicon, the fact that the suppression of the dielectric constant becomes significant when the nanocrystal size approaches the nanometric range is, nowadays, unquestionable. However, the origin of the reduction in dielectric constant with decreasing size is still under debate. Among the different mechanisms proposed for dielectric suppression of nanoscale materials, most are related to: ͑i͒ opening of the band gap, which lowers the polarizability, and ͑ii͒ the breaking of polarizable bonds at the surface. Nevertheless, in the present study, the static dielectric constant of nc-Si is found to be significantly suppressed as compared to that of bulk crystalline silicon, as shown in Table I . Taking the screening effect by the medium into account, the static dielectric constant of the nc-Si as a function of the nanocrystal size could be expressed as follows:
where static ͑ϱ͒ is the static dielectric constant of bulk crystalline silicon and D is the diameter of nc-Si with the unit of nm. The static dielectric constant calculated with Eq. ͑2͒ is also presented in Table I . It can be seen in the table that there is a good agreement between the values ͑ static cal ͒ calculated from Eq. ͑2͒ and the extracted values ͑ static exp ͒ from the SE analysis.
In conclusion, we have investigated the thermal annealing effect on the dielectric functions and band gap of silicon nanocrystals embedded in a SiO 2 matrix by spectroscopic ellipsometry. In the SE analysis, a multilayer optical model that takes into account the nc-Si distributions in the SiO 2 film, the Maxwell-Garnett effective medium approximation, and the four-term Forouhi-Bloomer optical dispersion relation are used. The dielectric functions of nc-Si for different annealing durations show a significant suppression as compared to bulk crystalline silicon, which is attributed to the quantum size effect. The nc-Si of the as-implanted ͑i.e., nonannealing͒ sample presents only one peak in the dielectric spectra, while the annealed ones have two critical points in the range of 1 -5 eV. The nc-Si for various annealing durations shows a large band-gap expansion of ϳ0.6 eV, which is in good agreement with the theoretical calculation based on quantum confinement. The band gap of the nc-Si for the nonannealing condition ͑i.e., as implanted͒ is 1.78 eV while it is 1.72 eV for the annealing at 1000°C for 100 min. The slight decrease in the band gap is attributed to the slight increase in the nc-Si size with annealing. This work has been financially supported by the Ministry of Education Singapore under Project No. ARC 1/04. 
